We estimated and modelled how uncertainties in stochastic population dynamics and biases in parameter estimates a¡ect the accuracy of the projections of a small island population of song sparrows which was enumerated every spring for 24 years. The estimate of the density regulation in a theta-logistic model (^ ˆ1.09) suggests that the dynamics are nearly logistic, with speci¢c growth rater 1ˆ0 .99 and carrying capacityKˆ41.54. The song sparrow population was strongly in£uenced by demographic (1 2 dˆ0 .66) and environmental (1 2 dˆ0 .41) stochasticity. Bootstrap replicates of the di¡erent parameters revealed that the uncertainties in the estimates of the speci¢c growth rate r 1 and the density regulation were larger than the uncertainties in the environmental variance ¼ 2 e and the carrying capacity K. We introduce the concept of the population prediction interval (PPI), which is a stochastic interval which includes the unknown population size with probability (17¬). The width of the PPI increased rapidly with time because of uncertainties in the estimates of density regulation as well as demographic and environmental variance in the stochastic population dynamics. Accepting a 10% probability of extinction within 100 years, neglecting uncertainties in the parameters will lead to a 33% overestimation of the time it takes for the extinction barrier (population size Xˆ1) to be included into the PPI. This study shows that ignoring uncertainties in population dynamics produces a substantial underestimation of the extinction risk.
INTRODUCTION
Ecology will come of age as a predictive science only when it can predict future population £uctuations correctly. Analysis of simple deterministic population models with no age structure has shown that small variations in the parameters may strongly alter their dynamic characteristics (May 1976) . Biased estimates of the model parameters, such as the population growth rate r, the carrying capacity K or the density regulation, may therefore produce erroneous predictions of the future dynamics of the population. Furthermore, demographic stochasticity (random, independent events of individual births and deaths) and environmental stochasticity (random variation in birth and death rates a¡ecting all individuals in a group in a similar way) may have a profound impact on the mean population size (May 1973; Turelli 1977; Leigh 1981; Lande 1998) . Thus, successful predictions of population £uctuations must take into account uncertainties in the estimates of population parameters as well as various forms of stochasticity in population dynamics.
Following the pioneering work of Sha¡er (1981) , stochastic population models have often been used to make decisions about the management of populations of endangered or threatened species (see the reviews in Beissinger & Westphal (1998) and Groom & Pascual (1998) ). A central element in such models is the prediction of the probability of extinction in a time interval, which is then used to classify the population according to some vulnerability categories (e.g. Mace & Lande 1991; Akc°akaya 1992) . Unfortunately, the accuracy in the predictions of the £uctuations of such populations may be low (Taylor 1995; Ludwig 1999) , leading to biased estimates of the extinction risk. This mainly occurs due to the large impact of demographic and environmental stochasticity on the £uctuations of small populations (Leigh 1981; Lande 1993 Lande , 1998 and di¤culties in estimating the model parameters (Taylor 1995) , for instance due to sample size problems (Beissinger & Westphal 1998) .
According to the`precautionary principle', as adopted by the World Conservation Union (IUCN 1994, } II.7), when there is uncertainty in the estimate of the extinction risk, it is legitimate to use the highest credible estimate. Thus, in order to operationalize this principle, we need estimates of the accuracy in our predictions. We suggest that such estimates can be better obtained by introducing the concept of the population prediction interval (PPI) to population viability analysis, which is de¢ned as the stochastic interval which includes the unknown population size with probability (17¬), where ¬ is the probability that the variable to be predicted is not contained in the stochastic interval. If T is the smallest time in which this interval includes the extinction barrier population size Xˆ1, then we predict extinction in a sexual population to occur after time T with probability ¬. Uncertainty in the parameters does not change the extinction risk of the population, but it a¡ects the con¢-dence we have in population predictions, including the probability of extinction. Thus, the width of the PPI increases with increasing uncertainty in the stochastic variable because of the process variance and the estimation error.
Prediction intervals are conceptually quite similar to con¢dence intervals. A con¢dence interval is a stochastic interval in the sense that the end-points are stochastic variables. The interval is constructed in such a way that the probability that the interval covers the parameter is some large probability. A prediction interval is also a stochastic interval, but it is constructed to cover the value of some stochastic variable rather than a parameter. Hence, the end-points of the prediction interval as well as the quantity to be predicted are all stochastic variables. Because we want the cover probability to be known exactly, the same major di¤culty is involved in constructing both prediction and con¢dence intervals. This means that we want the cover probability to be approximately independent of the unknown population parameters. This is usually not possible, so the cover probability will usually depend weakly on these parameters.
In this paper, we will estimate the parameters in a simple density-dependent stochastic model of the £uctua-tions in the song sparrow Melospiza melodia population at Mandarte Island, British Columbia, Canada, the numbers of which are almost exactly known. We will then use the PPI concept to examine how di¡erent forms of uncertainties a¡ect the accuracy in the predictions of the stochastic population £uctuations. Thus, this represents an extension of previous work (Heyde & Cohen 1985; Dennis et al. 1991) by also including extinction in the PPI.
MATERIAL AND METHODS
The song sparrow has been studied continuously on Mandarte Island since 1975. This small island (6 ha) lies in the Haro Strait, ca. 9 km east of the Saanich Peninsula, Vancouver, British Columbia. All individuals on the island are banded as nestlings each year with a numbered leg band and a unique combination of one to three coloured plastic rings. Each year zero to three immigrants are also trapped and banded. The population size was taken as the number of territorial females each spring (30 April). Because virtually all birds are banded and the low shrub vegetation allows banded individuals to be resighted readily, we assume that the female population was censused annually without error. Basic information on the population biology and detailed ¢eld protocols appear elsewhere (Smith 1988; Hochachka et al. 1989; Arcese et al. 1992) .
POPULATION MODEL
We model the £uctuations in the logarithm of the size of the song sparrow population as YˆlnX, where X is the population size at time t. Let Yˆln(X + X )7ln(X ) and ¼ 2 d and ¼ 2 e be the demographic and environmental variances, respectively (see the de¢nitions in Engen et al. (1998) 
where r is the speci¢c growth rate, K is the carrying capacity (the population size for which the expected change (E Y ) is zero) and describes the theta-logistic type of density regulation (Gilpin & Ayala 1973) . We obtain a model which is de¢ned for any value of if we write rˆr 1 /(17K ¡ ), where r 1 is the growth rate when Xˆ1. When approaches zero, the mean approaches r 1 (17lnX/lnK) and the maximum population growth rate occurs closer to Xˆ0. For large ( ¾ 1), maximum density regulation occurs close to XˆK. ˆ1 gives the logistic model (S×ther et al. 1996) .
At K the strength of density regulation is 7m'(X)ˆr 1 / (17K ¡ ), which increases with .
ESTIMATION PROCEDURES (a) Population parameters
The demographic variance was estimated from data on the individual variation in reproduction and survival of breeding females following S×ther et al. (1998a) . Let the demographic variance in year t be ¼
2 , where R i is the contribution of an individual i to the next generation, R is the mean contribution of the individuals and n is the number of recorded contributions in year t. The total contribution of a female in year t (R i ) is the number of female o¡spring born that year which are recorded the following or a later year breeding in the population plus 1 if the female survives to the next year. We then use the weighted mean across years ¼ .66. This estimate is comparable to the estimates obtained in two other temperate passerine species .
The other parameters were estimated by least-squares techniques. Following Engen et al. (1998) 
, the parameters ¬ and may then be estimated by the least-squares method provided that is assumed to be known. The population parameters r 1 and K are then given byr 1ˆ¬ andKˆ(17r 1 / )1/ for 6 0 and e ¡r= for ˆ0. The sum of squares 1/(n ¡ 3)
2 e ( ) may further be minimized numerically with respect to to obtain^ .
(b) Prediction interval for population size
We evaluate the PPI at each point in time by stochastic simulations (Efron & Tibshirani 1993) . We simulate the process using each bootstrap replicate of the parameter value. The upper (1 ¡ ¬) interval at time t then ranges from the corresponding quantile obtained from the simulations (Sha¡er 1981; Taylor 1995) .
This method of evaluating the PPI is not exact. However, stochastic simulations do show that the coverage is surprisingly close to the theoretical probabilities for this particular model. This was checked by ¢rst simulating one data set from some`true' parameter value, which was actually chosen to be our estimate obtained from the data and computing the estimates from this. Second, 99 bootstrap replicates were simulated from this estimate together with one simulation from the true value and the population process was simulated once for each one of these 100 parameter values. Finally, the rank of the population size generated from the true value was recorded. The above process was repeated 1000 times to produce a sample size of 1000 from this distribution of ranks. If the method is exact, this rank should be uniformly distributed on the integers from 1 to 100. No signi¢cant deviation from a uniform distribution was found ( p 4 0.2) when running the process for 50 years.
RESULTS
Large £uctuations occurred in the size of the song sparrow population during the study period (¢gure 1). The maximum population size was reached in 1985 with 72 pairs. Four years later, the population approached extinction when only four pairs bred. The estimate of the density regulation (^ ˆ1.09) suggests that the dynamics are nearly logistic. However, the distribution of the bootstrap replicates of suggests that the estimate of this parameter is relatively uncertain (¢gure 2). The lower and upper 25% quartiles lie at ˆ0.69 and ˆ1.34, respectively. Accordingly, a relatively wide range of models for the density regulation may ¢t the data quite well. Usinĝ ˆ1.09, we estimated the speci¢c growth rater 1ˆ0 :99, the carrying capacityKˆ41.54 and the environmental stochasticity1 2 eˆ0 :41. However, the distribution of the bootstrap replicates showed that the uncertainty in the estimate of r 1 (¢gure 3a) was larger than the uncertainties in the estimates of both1 2 e (¢gure 3b) andK (¢gure 3c). To account for the uncertainties in the parameter estimates, we evaluate the prediction intervals for population size (PPI) at each point in time. The width of the PPI increases rapidly with time (¢gure 4) because uncertainties in the parameter estimates (¢gures 2 and 3) and stochasticity in the population dynamics make it di¤cult to forecast the population size over long periods of time accurately. However, it is important to take into account these uncertainties when making predictions about the minimum size of a viable population (Taylor 1995; Ludwig 1999 ). For instance, accepting a 10% probability of extinction within a period of 100 years, as suggested by Mace & Lande (1991) , the extinction barrier Xˆ1 is included in the 90% prediction interval after only 27 years (¢gure 4a). Neglecting uncertainties in the parameters and using only the best estimates of the parameters, this level of risk is not reached until 36 years. Thus, in this case, where the estimates of population sizes are almost exact, failure to consider uncertainties in the parameter estimates will lead to a 33% overestimation of the time it takes for the extinction barrier (Xˆ1) to be included in the prediction interval for the population size.
Another important source of error when making projections about population £uctuations is the choice of model for density regulation (Pascual et al. 1997) . In the present case large uncertainties were found in the estimates of (¢gure 2). To examine how this uncertainty a¡ected the viability estimates, we selected the lower and upper 25% quartiles in the distribution of the bootstrap replicates and estimated r 1 , K and ¼ 2 e for these two values of . These two models of density regulation gave very di¡erent prediction intervals for future population sizes, resulting in large di¡erences in the estimated viability of the population (¢gure 4b). Using the larger value of , the population was predicted to become extinct much sooner than for the small . This is probably related to the strength of density regulation at K increasing with . Thus, K will represent a stronger barrier for population £uctuations for large than for small values of , leading to an increase in the risk of extinction with . In fact, the predicted time to extinction was more than ten times longer for 25 than for 75 (¢gure 4b).
DISCUSSION
Our study demonstrates that uncertainties in parameter estimates as well as stochasticity in population dynamics must be considered when making population forecasts. Failure to consider uncertainties in the parameter estimates may often result in large errors in the predictions of future population £uctuations (¢gure 4b). For endangered or threatened species such errors will lead to underestimates of the risk of extinction (Sha¡er 1981; Taylor 1995) and violate the precautionary principle. Accordingly, we recommend that a population should be considered threatened unless we can con¢dently forecast that it is viable, accounting for uncertainties in the viability analysis. This approach should avoid an overly optimistic forecast of true extinction risk.
Stochastic factors strongly in£uenced the dynamics of the song sparrow population. For instance, cold weather during winter seemed to play a very important part in the large crash in 1989 (Arcese et al. 1992) . Accordingly, our estimate of the environmental stochasticity was larger in the song sparrow population than in two other temperate species of songbird, the great tit Parus major (S×ther et al. 1998a ) and the dipper Cinclus cinclus (S×ther et al. 2000) . Furthermore, an estimated of greater than 1 (¢gure 2) also shows that the density regulation is quite 1976 1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 Figure 1. The £uctuations in size of the song sparrow population at Mandarte Island during the years 1975^1998.
strong. Previous results have suggested that the density dependence operates either through a decrease in reproductive success or by a reduction in the recruitment rate of locally hatched juveniles by increasing the population size (Arcese et al. 1992) . The major component of the density-dependent decrease in reproductive success is the loss of complete clutches (Arcese et al. 1992) , which is in turn related to nest parasitism by brown-headed cowbirds Molothrus ater (Arcese et al. 1996) . Our results show that uncertainties in the parameter estimates, particularly in r 1 and , strongly a¡ect the precision of the population forecasts. A similar large e¡ect of the choice of model for density regulation on the estimated extinction risk has been noted previously (Burgman et al. 1993; Ginzburg et al. 1993; Brook et al. 1997; Pascual et al. 1997) . It is likely that in many other populations such uncertainties will be larger than in the present study. Because of large £uctuations in the size of the song sparrow population at Mandarte Island during the study period (¢gure 1), data were available for a very wide range of population sizes, which should facilitate the estimation of both r 1 and . This illustrates that, even in this intensively studied population, the length of the study period is too short to avoid large biases in the estimates of the population parameters. It is therefore important that population viability analysis considers the reliability of the predictions (Taylor 1995; S×ther et al. 1998b; Tufto et al. 1999) . Furthermore, these uncertainties should, according to the precautionary principle, be included and considered in any decision-making process based on the results from population viability analyses.
A central focus in population viability analysis (e.g. Dennis et al. 1991) has been to provide estimates of the probability of extinction before some given time. It is now generally realized that, in many cases, those estimates are very unreliable (Ludwig 1999) , particularly for populations of endangered or threatened species where the quality of data is often poor (Beissinger & Westphal 1998) . We believe that the PPI concept may be more appropriate in population viability analysis because the basic problem is of drawing inferences about the actual time to extinction and not probabilities or expectations. For instance, Ludwig (1999) has previously shown that the con¢dence interval in the estimates of the probability of extinction of this song sparrow population is large, as expected from the large environmental stochasticity in the population dynamics and the large uncertainties in the estimates of the population parameters (¢gure 3c). In our approach, we examine how such stochastic e¡ects a¡ect the future population size, which allows us the predict whether the extinction barrier will be reached in a predetermined time interval. When there are large stochastic e¡ects, the stochastic prediction interval soon becomes large (¢gure 4), which means that we have little information about the time of extinction and must rely on the precautionary principle (IUCN 1994) . The approach of deriving a con¢dence interval for the probability of extinction before some prescribed time is not really recommended in such situations. The con¢dence intervals will usually be large and there is no obvious method telling us how such intervals should be interpreted.
Attempts to gain uncertainty in the probability of extinction (Ludwig 1999) face di¤culties in both interpretation and communication to managers. For example, it would be very di¤cult to communicate to managers in a meaningful way that the probability of the probability of extinction being smaller than some quantity is larger than some other quantity. The PPI has the advantage of simplicity of interpretation. Our primary interest is not in the probability of extinction, but actually when extinction occurs. If all the population parameters are known, then the probability of extinction is a useful concept which contains all the information we actually have about the extinction of the process. However, when the parameters are unknown, there is no reason why we should be primarily interested in the unknown probability of extinction. Rather, we should concentrate on statistical inferences about the actual time of extinction, which is actually what prediction intervals are constructed for. They deal directly with our con¢dence in the actual extinction time of the population (¢gure 4) rather than our con¢dence in the probability of extinction of the population before a speci¢ed time.
The prediction interval for the population size of this song sparrow population rapidly became very wide (¢gure 4). This may be typical for small temperate passerines with strong stochastic e¡ects on their population dynamics (S×ther et al. 1998a; Tufto et al. 2000) . However, a large PPI was also found for the Scandinavian brown bear Ursus arctos (S×ther et al. 1998b) where the stochastic in£uence on its population dynamics was smaller. This was due to the large e¡ects of uncertainties in the parameter estimates on the predictions of future population size. We greatly need more data for more species on which factors (e.g. life-history characteristics) in£uence the width of the PPI.
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